Assessments of the impacts of ozone (O 3 ) on regional and global food production are currently based on results from experiments using open-top chambers (OTCs).
| INTRODUCTION
Tropospheric ozone (O 3 ) is one of the most detrimental air pollutants for vegetation at the global scale (Ainsworth, Yendrek, Sitch, Collins, & Emberson, 2012; Fuhrer et al., 2016; Paoletti, 2007) . Current ambient O 3 concentrations are estimated to cause yield losses of 5%-19% in major food crops such as wheat, soybean, rice, potato, barley, and bean (Feng & Kobayashi, 2009; Osborne et al., 2016) .
Background O 3 concentrations have at least doubled since the preindustrial level (Cooper et al., 2014) and projected climate change are expected to further increase concentrations by 0.5%-2% per decade during this century if the current emissions of O 3 precursors are maintained (Solomon et al., 2007) .
Our knowledge on O 3 impacts on crop production is largely based on field experiments using mainly two types of experimental exposure systems: open-top chambers (OTC) and free-air O 3 concentration elevation . To date, more OTC experiments than O 3 -FACE experiments have been carried out, mostly as a consequence of the considerably larger costs of the latter type of experiments. Based on the OTC experiments, dose-response relationships have been derived for several key crop species (Feng, Hu, Wang, Jiang, & Liu, 2015; Mills et al., 2007) and these relationships have been used for current estimates of O 3 -induced crop yield losses at regional or global scales (Avnery, Mauzerall, Liu, & Horowitz, 2011a , 2011b Van Dingenen et al., 2009 ). However, there have been concerns regarding the ecological realism of effects observed in OTC experiments due to the environmental artifacts imposed by the chamber enclosures Long, Ainsworth, Leakey, & Morgan, 2005; Zhu et al., 2011) . Several environmental variables are altered inside the OTCs, including air turbulence, light intensity, and air temperature and humidity. The O 3 concentration is vertically uniform inside OTCs, and the leaf boundary layer resistance is low due to the high and constant turbulence caused by the chamber ventilation. These experimental artifacts likely promote increased O 3 uptake by plant leaves, which in turn has been suggested to lead to overestimation of O 3 impacts in OTC experiments compared to those occurring at similar top-of-canopy O 3 concentrations in the field (Nussbaum & Fuhrer, 2000) . However, another environmental artifact may act in the opposite direction. The temperature inside OTCs may be up to 3°C higher than the outside air at noon (Leady & Drake, 1993) . The warmer air inside OTCs typically has higher vapor pressure deficit (VPD), which likely leads to lower stomatal conductance and O 3 uptake, and thus a potential underestimation of O 3 impacts (Piikki, De Temmerman, Hogy, & Pleijel, 2008) . FACE is commonly considered as an ideal approach to study the responses of plants and ecosystems to elevated CO 2 or O 3 due to its small environmental artifacts Long et al., 2005) . FACE exposure systems do not interfere with the energy and gas exchange of the plant canopy, and plant responses to elevated gas concentrations should therefore be similar to those in the natural environment. However, FACE experiments inherently require large resources with respect to funding, infrastructure, and technological know-how. So far, there are only two O 3 -FACE systems of large size (>14 m in plot diameter) in the world to investigate the effects of O 3 on crops: one in China for wheat and rice, and another one in USA for soybean. Another disadvantage of FACE experiments is that they cannot decrease the O 3 concentration and thus not assess plant responses to current ambient levels. This can be achieved by air filtration treatments in OTC experiments.
Meta-analyses of CO 2 impacts on crop yield have estimated that CO 2 -induced crop yield stimulation is considerably smaller in FACE experiments than in experiments with plants in chambers (Long et al., 2005; Wang, Feng, & Schjoerring, 2013 ) although a recent synthesis challenged this finding (Bishop, Leakey, & Ainsworth, 2014 (Avnery et al., 2011a (Avnery et al., , 2011b Van Dingenen et al., 2009) Osborne et al. (2016) .
5. The duration of O 3 exposure in soybean and rice must have spanned at least 60% of the total growing season, which is approximately from 3 to 4 months from sowing to maturity in rice and soybean (Pedersen & Lauer, 2004) . This criterion was not applied to winter wheat, which was sown late in the preceding year and exposed to elevated O 3 usually from March through to the end of May.
6. Yield must have been measured directly, as the total harvested grain or seed mass.
The literature search found 18 studies meeting these criteria (Table 1) . Based on our selection criteria, we built a database comprising 270 data points (i.e., site 9 species 9 cultivar 9 treatment 9 year combinations). Wheat, rice, and soybean data contributed 55, 44, and 171 data points, respectively, from 3, 3, and 12 experiments conducted with 8, 8, and 16 cultivars, respectively (Table 1) .
| Data analysis
First, the O 3 dose was determined on an AOT40 basis. For wheat and rice, daytime hourly O 3 concentration above a threshold of 40 ppb was integrated throughout the period of 55 days (wheat) and 80 days (rice), ending at 6-7 days before maturity harvest for consistency in the period of AOT40 calculation between O 3 -FACE (Zhu et al., 2011) and OTC experiments . For soybean, 90 days AOT40 accumulation period was used.
Second, the following model of yield response to O 3 dose was applied:
( 1) where y is the crop yield, Z is the yield at zero O 3 dose, and S is the relative sensitivity of the crop yield to the O 3 dose (d). The multiplicative model of Equation (1) is converted to an additive model by taking natural logarithm of the both sides:
The sensitivity parameter S can be estimated by fitting the following model iteratively to the observations:
where y ij is the crop yield at jth level of O 3 treatment in ith experiment, Z i is the crop yield at zero O 3 dose in ith experiment, d ij is the O 3 dose at jth level of O 3 treatment in ith experiment, and e ij is the random error.
Note that, in Equation (3), Z i and S can be estimated simultaneously as opposed to the often used two-step procedure (e.g., Osborne et al., 2016) , in which Z i and experiment-specific S i is first estimated for individual experiments, and S is determined across the datasets in a second step. Such procedure is operationally simple, but theoretically problematic due to the inconsistency between the sensitivity estimates used for the first and the second steps. See Appendix S1 for more discussions on the theoretical problem of the two-step procedure. (4) can be simplified as:
The comparison of the above two models can be formulated such that Equation (5) represents the null hypothesis (S o = S f ) and Equation (4) represents the alternative hypothesis (S o 6 ¼ S f ). The test statistic (T) based on the likelihood ratio is defined as:
where L 0 is the maximum likelihood for the model fitted with Equation (5) and L a is the maximum likelihood for the model fitted with Equation (4). The test statistic asymptotically follows the Chi-square distribution with the degree of freedom = 1 (i.e., the difference between Equations (4) and (5) in the number of parameters), and the p value for the Type-I error is calculated accordingly.
In this study, the sensitivity parameter S in Equation (3) 
| RESULTS AND DISCUSSION
This study is to our knowledge the first multi-species comparison of O 3 impacts reported from OTC versus O 3 -FACE experiments. For all the three crops, the model with common sensitivity between O 3 -FACE and OTC was rejected (Table 2) .
For soybean ( Figure 1a , Table 2 ), the sensitivity in OTC was greater than that in O 3 -FACE experiments, whereas the opposite was the case for wheat and rice (Figure 1b ,c, Table 2 ). These results indicate that current yield loss estimates (Avnery et al., 2011a (Avnery et al., , 2011b Van Dingenen et al., 2009 ) based on AOT40 dose-response relationships from OTCs may be biased, positively or negatively depending on crop species. Since results were species-specific we will now discuss them species by species.
For soybean, the greater sensitivity to O 3 in OTC than O 3 -FACE was likely caused by differences in water supply. Plants in all the OTC experiments but one (Mulchi, Lee, Tuthill, & Olinick, 1988) were irrigated, whereas those in O 3 -FACE were not. In the non-irrigated fields of O 3 -FACE, the soybean plants were likely frequently subjected to soil moisture deficit (Betzelberger et al., 2010) which is opposite to our findings in this study. This apparent inconsistency could be attributed to differences in the datasets suggested by Piikki et al. (2008) . Moreover, unlike for soybean, the wheat plants were not irrigated in either OTC or O 3 -FACE experiments, except in one OTC study contributing two data points (Tong et al., 2012) . In the other OTC experiments, the chambers had roofs 
a Observations in rice and wheat subjected to a very high O 3 concentration of 200 ppb for 8 hr daily were excluded from the analysis to prevent the anomalously high AOT40 values from exerting overwhelming influence on the estimation of O 3 sensitivity. The sensitivities of different crop species are not readily compared since the AOT40 accumulation periods were different (see Section "2").
b
The common sensitivity, S c , is closer to S o than to S f due to differences in the number of observations as well as the range of O 3 doses for O 3 -FACE compared to OTC experiments. Cultivar differences may also have contributed to the difference in O 3 sensitivity for wheat, but this is very difficult to assess properly with the present dataset since most cultivars are different between the O 3 -FACE and OTC experiments. However, a comprehensive meta-analysis on wheat investigating this issue concluded that the large variation in O 3 sensitivity among experiments were related to neither year of experiment nor year of cultivar release (Pleijel, Broberg, Uddling, & Mills, 2018 (Pang, Kobayashi, & Zhu, 2009 ) and greater yield responses to O 3 than inbred cultivars (Shi et al., 2009) . In the present dataset, hybrid cultivars were used in O 3 -FACE experiments only. When excluding these from the analysis, the difference between OTC and O 3 -FACE experiments was no longer statistically significant (p = .457, Table S2 ). This suggests that the apparent difference in O 3 sensitivity between OTC and O 3 -FACE for rice could be attributed to the difference in sensitivity between hybrid and inbred cultivars. Since rice plants in both OTC and O 3 -FACE were grown in flooded soil, it is unlikely that soil water availability limited stomatal O 3 uptake in either of the exposure systems. Furthermore, the passive OTC warming artifact likely had a smaller effect on VPD in rice experiment than those with upland crops. Since rice plants in both OTC and O 3 -FACE were grown in flooded soil, the temperature increase in OTC caused increased evaporation from the flooded water surface, with actual vapor pressure increasing along with the increase in saturated vapor pressure due to the temperature rise.
| CONCLUSION
This study has demonstrated that three major crops showed apparent differences in O 3 sensitivity between OTC and O 3 -FACE experiments. In wheat and rice, O 3 sensitivity was higher in O 3 -FACE compared to OTC experiments, while the opposite was the case for soybean. These differences could be linked to two factors: differences in environmental artifacts and differences in O 3 sensitivity of the cultivars used in OTC and O 3 -FACE experiments. In soybean, irrigation likely increased the sensitivity to O 3 in OTC experiments, whereas in wheat OTC experiments, removal of rainfall inputs by partial roofs together with increased temperature and VPD likely decreased stomatal O 3 uptake and impacts. In rice, the higher sensitivity in O 3 -FACE experiments was linked to the inclusion of hybrid cultivars with higher stomatal conductance and O 3 sensitivity than inbred cultivars (Pang et al., 2009) , and the sensitivity difference 
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